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A B S T R A C T   
The aim of this study was to develop a biological method for the simultaneous removal of sulfate and metals from 
acidic low-temperature mining effluents. A mixed consortium of cold-tolerant sulfate-reducing bacteria (SRB) 
and other microorganisms was immobilized on glass beads and exploited in an up-flow biofilm reactor for the 
continuous treatment of actual and synthetic mining-impacted waters (MIWs) with initial sulfate concentrations 
between 1580 and 5350 mg L-1. The proton acidity of the mine waters was neutralized by microbial sulfido-
genesis. Metals present in the MIWs were precipitated either off-line or in-line, inside the reactor vessel. High 
sulfate reduction rates (SRRs), from 1000 to 4500 mg L-1 d-1 at a temperature of 11.7 ± 0.2 ◦C, were achieved 
(sulfate removal 43–87%). The bacterial consortium was found to be robust and resistant to changes in growth 
conditions during the bioreactor experiment. The relative abundance of SRB and the SRR increased at higher 
sulfate concentrations. Sulfidogenic bioreactors have the potential for treatment of acid mine drainage even at 
low temperature. It was demonstrated that neutral reactor conditions and high SRRs were maintained when 
acidic influent was fed into the reactor.   
1. Introduction 
Effluents from the mining industry are commonly characterized by 
having relatively elevated concentrations of soluble sulfate and transi-
tion metals, and are often moderately to extremely acidic [1,2]. As a 
result, these waters can cause pollution of ground and surface waters 
and decrease the biodiversity in fresh waters [3]. Consequently, there is 
a need to remove both metals and sulfate from such wastewaters before 
they are discharged into the environment. 
Biological sulfate reduction is a widely-studied technology for 
remediating liquid waste streams that contain both sulfate and dissolved 
metals, especially at moderate temperature [4]. However, the most 
commonly used technology for sulfate removal is chemical precipitation 
with lime, which is suitable for high sulfate concentrations of several 
grams per liter, but the residual concentrations are from 1500 to 2000 
mg L-1 and gypsum sludge is produced in large volumes [2,5]. Sulfate 
can also be removed from water by membrane filtration or ion exchange 
processes. These methods are efficient but have some disadvantages 
such as high costs, fouling of membranes, and the need for pre- 
precipitation of the water and downstream treatment of the reject [6]. 
Recently, biological treatment methods have been suggested for the 
removal of various contaminants [7] and the traditional bioreactors 
used for wastewater treatment have been developed significantly [8,9]. 
During growth, sulfate-reducing bacteria (SRB) convert sulfate to 
sulfide-S and oxidize organic carbon sources, preferably organic acids. 
The form of the produced sulfide-S is highly dependent on the pH of the 
environment [10]. At moderate temperature, and below pH 6.9, 
hydrogen sulfide (H2S, a highly toxic and corrosive gas that can cause 
problems in industrial-scale applications [11]) is the dominant form, 
whereas hydrosulfide (HS-) dominates in liquors between pH 7 and ~ 
13. Sulfide (S2-) combines with many monovalent and divalent metals to 
form insoluble sulfide phases, although the solubility products of metal 
sulfides are highly varied, resulting in some sulfides (such as copper and 
silver) forming in very low pH (<2) liquors, while others (such as 
manganese) only form in alkaline solutions. Sulfide precipitates are 
often more stable, more dense and less soluble than metal hydroxides 
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[10]. Therefore, many transition metals can readily be removed from 
contaminated waters as sulfide phases. In addition, sulfide precipitation 
results in very low metal concentrations and metal sulfides can be reused 
by smelting [11]. 
Most species of SRB grow in anaerobic environments with an optimal 
pH range from 5 to 8. However, there are also acidophilic and acid- 
tolerant strains, which can grow at lower pH values: sequences related 
to SRB have been found even at pH 1.4 [12]. Optimal bacterial growth 
conditions are usually essential for the efficient biological removal of 
pollutants from wastewaters. In northern areas of the world, microbial 
metabolism is often slow due to the cold climate. Nevertheless, by 
exploiting the native microbes of boreal areas and providing a suitable 
carbon source, sulfidogenesis can succeed even at low temperature [13]. 
It is important, therefore, to develop an efficient sulfate reduction 
method for cold conditions since several mines that generate sulfate- and 
metal-rich wastewaters operate in the Arctic and subarctic regions, e.g., 
in Canada [14], Finland [15], and Norway [16]. 
Previously reported low-temperature (<20 ◦C) sulfate reduction 
reactor studies are listed in Table 1. Semi-passive and passive treatments 
were tested in anaerobic columns filled with spent horse manure by 
Tsukamoto et al. [17], in a packed bed reactor filled with waste rocks 
20% by volume by Nielsen et al. [13], and in a column reactor filled with 
a mixture consisting of wood chips, leaf compost, ash, sand, and 
municipal sludge, which acted as both a carbon source and an SRB 
inoculum, by Ben Ali et al. [18]. Active reactors operated at low tem-
perature include a fluidized-bed reactor filled with silica mineral as a 
biomass carrier [19] and a submerged membrane bioreactor [20]. 
Treatment of mining wastewaters with sulfate concentrations higher 
than 2 g L-1 has previously been reported at low temperature only by 
Nevatalo et al. [20]. 
Although extensive research has been carried out on sulfate-reducing 
bioreactors, most previous low-temperature reactor studies have been 
conducted with synthetic mine waters (SMWs) containing moderate 
sulfate concentrations (up to 2 g L-1: ~21 mM). There is a need to 
perform studies using conditions that more accurately reflect those in 
the environment and to develop solutions for comprehensive metal and 
sulfate removal in mining-impacted waters (MIWs). The current study 
seems to be the first description of the treatment of actual acid mine 
drainage (AMD: with sulfate concentrations > 1 g L-1) as well as that of 
actual jarosite-contaminated water (JCW: with sulfate concentrations >
4 g L-1) at low temperature. This study also provides valuable informa-
tion on in-line and off-line removal of metals by H2S precipitation. In 
addition, investigation of the SRB consortium by 16S rRNA gene 
sequencing provides new information on the effect of higher metal and 
sulfate concentrations in actual MIWs on the SRB consortium. 
2. Materials and methods 
2.1. Low-temperature sulfidogenic up-flow biofilm reactor 
Biological sulfate reduction was investigated at a temperature of 
11.7 ± 0.2 ◦C in a continuous-flow bioreactor (Applikon Biotechnology, 
U.S.) with a working volume of 1.8 L (liquid volume 1.2 L), operated as 
an up-flow biofilm system, as described by Ňancucheo and Johnson [21] 
(Fig. 1). The reactor was connected to a Biostat C unit (B. Braun Biotech 
International GmbH, Germany) to control the pH and liquid level. 
Agitation (50 rpm) using a Rushton turbine located within the top liquid 
layer was controlled with an ADI 1012 motor controller (Applikon 
Biotechnology, U.S.). The reactor temperature was controlled with a 
circulating water–ethanol mixture inside the reactor jacket, using a 
refrigerated circulating bath (VWR International, U.S.). The reactor was 
maintained at near-neutral pH (7.0–7.5) under anaerobic conditions. At 
the beginning of the experiment, the reactor was operated in batch mode 
for two weeks to increase the sulfate reduction rate (SRR) and number of 
SRB. This was followed by a continuous flow of sulfate-rich water into 
and out of the reactor vessel. The flow rate was varied to maintain the 
pH within the reactor vessel. Sulfate reduction caused the pH to in-
crease, and acidic MIW (pH 2.7–3.3) was fed into the reactor via an L- 
shaped perforated tube to maintain the pH at the set range of 7.0–7.5. 
The liquid surface level was controlled by a liquid level sensor connected 
to an outflow pump and a drain tube placed below the liquid surface. 
The bacteria were immobilized on 1–2 mm diameter porous glass beads 
(DennertPoraver GmbH, Germany) to help to retain them within the 
reactor vessel. The volume of beads in the reactor was 0.6 L. A contin-
uous nitrogen gas flow was used to replace any oxygen inside the reactor 
and to flush the formed H2S gas out of the reactor. The H2S gas generated 
was used to precipitate the metals: gas was routed from the reactor into a 
separate metal solution, either synthetic CuSO4 (J.T.Baker) solution or 
actual MIWs. The precipitated metal solutions were vacuum filtered 
through a 1.2 µm glass fiber filter and the precipitates dried at 60 ◦C and 
weighed. The filtered MIWs were used as the reactor feed. 
The SRB consortium used in this study was enriched from an Arctic 
sediment sample from northern Finland, described in a previous study 
[22]. The consortium was cold-acclimated and characterized by 16S 
rRNA sequencing. Approximately 19% of the bacteria were found to be 
SRB, most of them belonging to the genus Desulfobulbus. The consortium 
Table 1 


















column SMW ethanol 1.0 5–15 4.2 900 6.6 h 1400 ± 400 44 ± 11 [17] 
column SMW methanol 1.0 5–15 4.2 900 6.6 h 1300 ± 400 39 ± 12 [17] 
FBR SMW ethanol 2.0 8 5–7 1000 1 d 260 ± 30 35 ± 4 [19] 
MBR SMW H2 4.0 9 7.5 2880 6 d 300 ± 300 60 [20] 
MBR SMW H2 4.0 9 7.5 3460 6 d 300 ± 300 50 [20] 
MBR SMW H2 4.0 9 7.5 5760 6 d 400 ± 100 40 [20] 
PBR NMD molasses n.d. 4–17 6.8 ± 0.5 420 ± 140 2 w 0–28 0–92 [13] 
column SMW wood chips, leaf 
compost 
n.d. 5 2.8–3.5 1610 ± 130 2.5 or 5 
d 
< 260 <40 [18] 
UBR SMW succinic acid, YE 0.8 11.7 ± 0.2 3.1 ± 0.1 1580 ± 90 16 ± 6 
h 
1950 ± 950 51 ± 11 This study 
UBR AMD succinic acid, YE 0.8 11.7 ± 0.2 3.3 ± 0.1 1260 ± 60 14 ± 5 
h 
1575 ± 445 43 ± 6 This study 




65 ± 7 This study 
UBR JCW succinic acid, YE 1.4 11.7 ± 0.2 2.7 ± 0.0 4200 ± 200 34 ± 6 
h 
3900 ± 400 87 ± 8 This study 
AMD – acid mine drainage, FBR – fluidized bed reactor, HRT – hydraulic retention time, JCW – jarosite-contaminated water, MBR – membrane bioreactor, n.d. – not 
determined, NMD – neutral mine drainage, PBR – packed bed reactor, SMW – synthetic mine water, SRR – sulfate reduction rate, UBR – up-flow biofilm reactor, YE – 
yeast extract. 
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was able to reduce sulfate at a temperature of 6 ◦C with succinate as the 
electron donor. 
The inoculant for the bioreactor was enriched by incubating 50 mL of 
the sterile glass beads with the SRB consortium for six weeks at 6 ◦C. 
SMW with succinate as a carbon source was used as the cultivation 
medium. The components of the SMW (1.0 g Na2SO4 (Merck), 0.1 g 
CaSO4⋅2H2O (Merck), 2.0 g MgSO4⋅7H2O (VWR), 0.5 g K2SO4 (VWR), 
0.2 g ascorbic acid (VWR), 0.34 g NH4Cl (VWR), 0.07 g K2HPO4 (Merck), 
0.1 g yeast extract (Honeywell Fluka) L-1), with the exception of FeS-
O4⋅7H2O (J.T.Baker) and sodium succinate (Merck), were dissolved in 
deionized water. Before autoclaving at 121 ◦C for 20 min, the pH of the 
water was adjusted to 7.8 with NaOH and the solution poured into a 250 
mL glass bottle containing 50 mL of glass beads. The bottle was sealed 
with a screw cap with a septum, and after autoclaving and cooling to 
6 ◦C, FeSO4 and sodium succinate solutions were added aseptically to 
give iron and succinate concentrations of 0.10 g L.1 and 1.75 g L.1, 
respectively. All the chemicals used in the media were of analytical 
grade. 
2.2. Mining-impacted waters 
The sulfidogenic bioreactor was used for the treatment of three 
different MIWs containing sulfate and metals: an acidic SMW, as well as 
an actual AMD, and JCW collected from closed Finnish mine sites 
(Table 2). Succinic acid (VWR) as a carbon source and other nutrients 
(0.15 g NH4Cl, 0.05 g K2HPO4, 0.1 g yeast extract L-1) were added to the 
water before it was fed into the reactor. For each type of water tested, a 
chemical oxygen demand (COD)/sulfate ratio of 0.8 was used. Also, a 
higher COD/sulfate ratio of 1.4 was tested using the JWC with the 
highest initial sulfate concentration. Since succinic acid had already 
been found suitable for the SRB consortium [22], it was used as a carbon 
and energy source throughout the bioreactor experiments. Due to the 
high aluminum concentration in the AMD, it was first precipitated by 
increasing the pH to 6.0 ± 0.2 with 5 M NaOH (VWR) solution. In 
addition, both actual MIWs were precipitated with the H2S formed in the 
reactor. Precipitation with H2S alone was also tested for the AMD to 
examine the effect of H2S on metal precipitation. After precipitation, 
filtration, and nutrient addition, the initial sulfate concentrations of the 
acidic SMW, AMD, and JCW at COD/SO42- ratios of 0.8 and 1.4 were 
1580 ± 90 mg L-1, 1260 ± 60 mg L-1, 4400 ± 200 mg L-1, and 4200 ±
Fig. 1. Design of the sulfidogenic up-flow biofilm reactor used for treatment of actual MIWs at low temperature. When acidic SMW was treated, the H2S gas produced 
in the reactor was routed into synthetic CuSO4 solution. 
Table 2 
Characteristics of MIWs.  
Analyte SMW AMD JCW 
pH 3.1 4.2 4.9 
COD (mg L-1) – 23 52 
Chloride (mg L-1) 99 15 1 200 
Fluoride (mg L-1) – 26 0.68 
Sulfate (mg L-1) 1 580 1 600 5 350 
Nitrate (mg L-1) – 66 0.18 
Nitrite (µg L-1) – < 7 120 
Ammonium (mg L-1) 51 0.62 6.1 
Phosphate (mg L-1) 27 0.034 0.021 
Aluminum (mg L-1) – 68 1.4 
Antimony (µg L-1) – < 0.5 < 0.25 
Arsenic (µg L-1) – < 0.5 3.2 
Boron (µg L-1) – 30 350 
Barium (µg L-1) – 16 53 
Beryllium (µg L-1) – 4.7 0.26 
Cadmium (µg L-1) – 42 56 
Cobalt (mg L-1) – 0.23 10 
Chromium (µg L-1) – 2.3 5.4 
Copper (mg L-1) – 0.9 0.1 
Iron (mg L-1) 5 2 200 
Lead (µg L-1) – 28 8.3 
Manganese (mg L-1) – 9.5 6.1 
Mercury (µg L-1) – < 0.2 < 0.1 
Molybdenum (µg L-1) – < 0.5 0.44 
Nickel (mg L-1) – 0.1 20 
Selenium (µg L-1) – < 2 1.1 
Strontium (mg L-1) – 0.56 1.2 
Thallium (µg L-1)  0.17 < 0.05 
Tin (µg L-1) – < 0.5 < 0.25 
Uranium (µg L-1) – 41 0.85 
Vanadium (µg L-1) – 1.4 3.4 
Zinc (mg L-1) – 14 1.9  
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200 mg L-1, respectively. The corresponding pH values of the feed liquids 
were 3.1 ± 0.1, 3.3 ± 0.1, 2.8 ± 0.1, and 2.7 ± 0.0. The characteristics of 
the MIWs and operational parameters of the sulfidogenic bioreactor 
during the experiments are listed in Supplementary Table S1. 
2.3. Sampling and analysis 
Samples were collected periodically from the reactor liquid through 
a valve with a syringe and filtered through a 0.22 µm syringe filter. The 
redox potential and sulfate concentration were measured from the 
filtrate. An IQ150 pH Dual Technology meter equipped with a 
pHenomenal ORP220 Ag/AgCl (3 M KCl) electrode was used for 
measuring the redox potential. For reference to a standard hydrogen 
electrode, +215 mV (AgCl/Ag potential at 10 ◦C) was added to the 
recorded redox potentials [23]. The Hach Lange Sulfate cuvette test LCK 
353 and a UV/Vis Spectrophotometer DR 2800 were used for deter-
mining the sulfate concentrations. Succinate, acetate, and propionate 
concentrations were analyzed by high-performance liquid chromatog-
raphy (HPLC) using a diode-array detector (DAD). The detection 
wavelength was set at 280 nm. The compounds were separated on an IC 
Sep ICE-Coregel 87H3 column (Transgenomic Inc. U.S.) at 60 ◦C with 
0.005 M H2SO4 (Merck) solution in water as a mobile phase. The flow 
rate and injection volume were 0.8 mL min− 1 and 10 µL, respectively. A 
theoretical amount of acetate produced was calculated according to the 
reaction stoichiometry (Eq. (1)), assuming that all the succinate 




+→4CH3COO− + 3H2S+ 8CO2 + 4H2O
(1) 
The chemical oxygen demand (COD) values of the raw actual MIWs 
were measured using the Hach Lange COD cuvette test LCK 314. The 
analysis of anions in the raw and treated actual MIWs was performed as 
follows: Cl-, F-, and SO42- were analyzed using ion chromatography (SFS- 
EN ISO 10304–1:2009) and NO2-N, NO3-N, NH4-N, and PO4-P were 
analyzed using a continuous flow analyzer (SFS-EN ISO 13395:1997, 
SFS-EN ISO 11732:2005, SFS-EN ISO 15681–2:2005) or a discrete 
analyzer (ISO 15923–1:2013). The elemental analysis was conducted 
using inductively coupled plasma mass spectrometry (ICP-MS) (SFS-EN 
ISO 17294–2:2016) or nitric acid digestion for the extraction of trace 
elements (SFS-EN ISO 15587–2:2002). Version 5.0 of the MINEQL+
program [24] was used for chemical equilibrium calculations to model 
the formation of mineral phases during the precipitation of synthetic 
CuSO4 solution and MIWs, as well as inside the sulfidogenic bioreactor. 
X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD) 
were used for the characterization of metal precipitates collected by 
filtration after the precipitation of MIWs and CuSO4 solution. The XRD 
patterns were obtained using a Rikagu SmartLab rotating anode 
diffractometer (Tokyo, Japan) with Cu-Kβ radiation in the range of 
5–130◦2θ (0.02◦2θ step). The XPS spectra were recorded with a Thermo 
Fisher Scientific ESCALAB 250Xi spectrometer (Waltham, U.S.) using 
monochromatic Al Kα radiation (1486.6 eV). The charge calibration was 
performed by setting the binding energy of adventitious carbon to 284.8 
eV. 
Samples for the 16S rRNA sequencing analysis were taken at the end 
of each experiment with the various feed liquids. Samples were with-
drawn aseptically from three different levels: the bottom of the bead 
layer, middle of the bead layer, and top liquid layer. The genomic DNA 
of the microbial strains was isolated from the cell pellets using the 
standard protocol [25]. The SRB consortia were characterized by 16S 
rRNA sequencing at the Biocenter Oulu Sequencing Center, as described 
previously in Virpiranta et al. [22]. The obtained sequences were 
compared with those present in GenBank using a BLAST tool (National 
Center for Biotechnology Information, U.S. National Library of Medi-
cine, U.S.). The richness and alpha diversity of the bacterial species were 
evaluated using species richness (S); the Shannon diversity index (H) 
described in Eq. (2), where pi is the proportion of the ith species; and true 





pilnpi (2)  
ENS = eH (3)  
3. Results 
3.1. Sulfate removal 
Sulfate reduction was evidenced soon after continuous flow 
commenced by the precipitation of black CuS in the gas jar that received 
the off-gas produced in the bioreactor. Approximately half of the sulfate 
present was reduced in the reactor during the treatment of both AMD 
and acidic SMW with initial sulfate concentrations of 1260 and 1580 mg 
L-1, respectively (Fig. 2). In the case of JCW, approximately two-thirds of 
the initial sulfate concentration of 4400 mg L-1 was reduced at the COD/ 
SO42- ratio of 0.8. The highest removal rate, 87%, was achieved at the 
COD/SO42- ratio of 1.4 during the treatment of JCW with an initial 
sulfate concentration of 4200 mg L-1. 
At the different operational pH values, the feed rate as well as the 
SRR varied considerably, reaching the highest rates at the lowest pH 
(7.00 ± 0.10) (Figs. 2 and 3). The different operational pH values did not 
have any significant effect on the residual sulfate concentration of the 
treated water. In the case of acidic SMW, the hydraulic retention time 
(HRT) increased from around 13 h to 21 h when the operational pH 
value was increased from 7.00 to 7.25. In the case of AMD, the HRT was 
10 h and 18 h at the operational pH values of 7.25 and 7.50, respec-
tively. When JCW was treated at the COD/SO42- ratio of 0.8, the HRT 
increased from 26 h to 34 h and further to 38 h, at the operational pH 
values of 7.00, 7.25, and 7.50, respectively. At the COD/SO42- ratio of 
1.4, the HRT was around 34 h at a pH value of 7.00. The highest SRR 
achieved was 4200 ± 300 mg L-1 d-1, when JCW was treated. In this case, 
the residual sulfate concentration remained at around 1600 mg L-1 at the 
COD/SO42- ratio of 0.8, but a residual concentration of 560 mg L-1 was 
achieved at the COD/SO42- ratio of 1.4. However, the SRR decreased to 
3900 mg L-1 d-1 at the COD/SO42- ratio of 1.4. 
During the treatment of acidic SMW, the EH within the bioreactor 
remained at around 0 mV regardless of the operational pH, whereas 
during the treatment of actual MIWs the EH decreased to < 0 and was 
more negative at higher operational pH values. The redox potential 
values (EH) are listed in the supplementary material (Table S2). 
3.2. Metal and metalloid removal 
The most dramatic drop in metal concentrations in the actual MIWs 
after precipitation and sulfate reduction was detected for aluminum, 
cobalt, copper, iron, nickel, and zinc (Table 3). Most of the metals were 
precipitated with H2S or NaOH before the MIW was fed into the reactor. 
However, according to the elemental analyses of the MIWs, cobalt and 
nickel in particular precipitated mostly inside the sulfidogenic biore-
actor (Table 3). There was no significant difference in metal removal 
between the COD/SO42- ratios of 0.8 and 1.4 used in the treatment of 
JCW. Detailed characteristics of the treated waters are presented in the 
supplementary material (Table S3). 
The metals identified from the recovered precipitates by XPS analysis 
were aluminum, copper, cobalt, iron, and zinc (Table 4). The aluminum 
in the actual MIWs had probably formed hydroxide precipitates before 
the actual MIWs were precipitated with H2S or NaOH and was therefore 
also removed by filtration after H2S precipitation. Copper was detected 
only in the precipitate collected from the synthetic CuSO4 solution. 
Chemical speciation calculations made with the MINEQL+ program 
estimated that copper precipitated totally as covellite (CuS) (Table S4). 
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However, the XRD data indicated the presence of both CuSO4 and CuS in 
the precipitate (Fig. S1a), which was further supported by XPS analysis. 
The high-resolution S2p XPS spectrum shows a major component at 
169.0 eV (S2p3/2) and a minor component at 162.5 eV (S2p3/2) binding 
energies (Fig. S2a), which can be attributed to sulfate and sulfide, 
respectively [26]. The Cu2p high-resolution spectrum has Cu2p3/2 peaks 
Fig. 2. Sulfate feed (whole bar) and reduction (white bar) with removal % during treatment of acidic SMW, AMD, and JCW at different operational pHs and COD/ 
SO42- ratios. Averaged values of daily measurements with standard deviations are shown. 
Fig. 3. Effect of operational pH on hydraulic retention time (HRT) in the sulfidogenic bioreactor during treatment of a) SMW (feed pH 3.1 ± 0.1), b) AMD (feed pH 
3.3 ± 0.1), and JCW at COD/SO42- ratios of c) 0.8 (feed pH 2.8 ± 0.1) and d) 1.4 (feed pH 2.7 ± 0.0). 
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at around 932 eV and 935 eV, along with strong satellite features. The 
peak at 935 eV coincides with the CuSO4 peak position [27]. CuS has a 
Cu2p3/2 peak at 932.2 ± 0.2 eV [27], and thus is in line with the 
observed peak in this study. However, Cu2p has small chemical shifts for 
copper species such as CuS, CuS2, and Cu2O, and thus they are difficult to 
differentiate using the Cu2p spectrum alone. Nevertheless, the satellite 
peaks confirm the presence of Cu(II) in the precipitate [26,27]. 
The precipitate collected after the NaOH precipitation of AMD con-
sisted mostly of aluminum, but also significant amounts of fluorine, 
some zinc, and sulfur were observed (Table 4). Chemical speciation 
calculations estimated the precipitation of aluminum as diaspore (AlO 
(OH)) (Table S4). However, this is unlikely, since XRD indicated that the 
precipitate was amorphous in nature (Fig. S1b). Precipitation of 
aluminum as hydroxides or hydroxy sulfates is more probable [28]. 
Fluoride was probably mostly co-precipitated with aluminum, which is 
supported by the peak in the Al2p XPS spectrum as a result of Al–F 
bonding that is wider than that reported for pure aluminum hydroxide 
[29,30]. The Zn2p high-resolution XPS spectrum show two Zn2p3/2 
peaks at around 1021.6 eV and 1026.5 eV. The peak at the lower BE 
might be mostly related to Zn(OH)2 [31], but other zinc compounds (e.g. 
ZnO, ZnS) cannot be excluded. The Zn2p3/2 peak at the higher BE might 
be attributed to some spinel structure with Zn [32]. The S2p spectrum 
was fitted to three doublets, and most of the sulfur was present in sulfate 
form (S2p3/2 peak at 169.1 eV, Fig. S2b). The minor components 
probably correspond to sulfite (S2p3/2 peak at 167.8 eV) [33] and sulfide 
(S2p3/2 peak at 162.9 eV). Small amounts of iron, nickel, and copper 
were detected according to the XPS high-resolution spectra (Fig. S3a). 
Chemical speciation calculations estimated that iron would precipitate 
mostly as hematite (Fe2O3), but also as cobalt ferrite (CoFe2O4). 
Removal of the detected metals cannot be confirmed by elemental 
analysis results since the quality of the AMD was not analyzed after the 
NaOH precipitation. 
Zinc was the only metal detected in the precipitate collected after the 
H2S precipitation of AMD (Table 4) and XRD indicated the presence of 
zinc sulfide (Fig. S1c), which was consistent with the S2p and Zn2p high- 
resolution XPS spectra. Sulfur was in sulfide form and the S2p3/2 peak 
was located at 162.2 eV (Fig. S2c). In the Zn2p spectrum, two Zn2p3/2 
peaks were observed, a major peak located at around 1022 eV and a 
minor peak located at around 1024 eV, both of which can probably be 
attributed to ZnS [34]. Small amounts of iron, aluminum, and cobalt 
were also found according to the XPS high-resolution spectra (Fig. S3b). 
The bulk of the metal precipitated from JCW was iron. Chemical 
speciation calculations estimated that iron would precipitate as akage-
neite (Fe(OH)2.7Cl0.3) and cobalt ferrite (CoFe2O4), whereas it was 
estimated that aluminum would precipitate as alunite (KAl3(-
SO4)2(OH)6) (Table S4). In addition, the calculations suggested that zinc 
would remain dissolved. XRD analysis showed the formation of both 
amorphous precipitate and the presence of elemental sulfur (Fig. S1d). 
The XPS analysis of the precipitate showed a high amount of iron and the 
Fe2p3/2 peak was located at around 711 eV, which might be related to 
goethite [35]. The Fe2p3/2 peaks of jarosite and akageneite have been 
found at 712.0 eV [36] and 712.4 eV [37], respectively. On the other 
hand, cobalt ferrite has been reported to have a Fe2p3/2 peak at 710.2 
eV, while the BE increased with decreased Co content [38]. The Co2p 
spectrum showed a Co2p3/2 peak at ~ 780.3 eV and intense satellite 
peaks, indicating the Co(II) state [39]. The S2p spectrum indicates the 
presence of at least three sulfur species (Fig. S2d). The sulfate peak is 
located at 168.7 eV (S2p3/2). The sulfide peak at the lower binding en-
ergy is wide and consists of two doublets with S2p3/2 peaks at 161.7 eV 
and 163.2 eV, indicating the presence of different sulfide species. 
Elemental sulfur might also have been present, although the S2p3/2 peak 
of elemental sulfur is located at a slightly higher BE (164.3 eV) [40]. A 
Zn2p3/2 peak is visible at 1021.8 eV, probably originating from ZnS 
[34]. In addition, small amounts of copper and nickel were detected 
according to the XPS high-resolution spectra (Fig. S3c). 
Inside the reactor, the chemical speciation calculations estimated 
that iron, cobalt, copper, nickel, and zinc would be precipitated as pyrite 
(FeS2), jaipurite (CoS), chalcopyrite (CuFeS2) or CuS, millerite (NiS), 
and sphalerite ((Zn, Fe)S), respectively. The solubility of the metals was 
influenced by both the EH and pH of the reactor. The calculations 
Table 3 
Removal of metals and metalloids from actual MIWs by filtration. The removal % is calculated according to the initial concentrations in the actual MIWs.  
Treatment Precipitation with H2S Precipitation with NaOH and H2S Sulfate reduction, pH 7.25 ± 0.10 Precipitation with H2S Sulfate reduction, pH 7.00 ± 0.10 
Removal (wt.%) AMD AMD AMD JCW JCW 
Aluminum 82* 99 1 72* 21 
Arsenic 0 0 0 16 53 
Boron 0 0 0 9 0 
Barium 0 0 0 2 15 
Beryllium 0 79 0 0 0 
Cadmium 82 99 > 0 87 13 
Cobalt 0 22 77 19 80 
Copper 98 100 0 53 45 
Iron 59 97 > 0 30 70 
Lead 84 > 99 0 > 88 > 7 
Manganese 0 9 2 3 0 
Nickel 0 22 60 15 83 
Strontium 0 9 0 0 17 
Uranium 0 96 2 26 46 
Zinc 14 99 1 47 52  
* Not as a sulfide phase. 
Table 4 
Surface composition (wt.%) of the metal precipitates recovered by filtration after precipitation of synthetic CuSO4 solution, AMD, and JCW.  
Water treated Precipitant Cu (%) Zn (%) Fe (%) Co (%) Al (%) Ca (%) Mg (%) F (%) Si (%) S (%) O (%) C (%) 
CuSO4 solution H2S  36.9  –  –  –  –  –  –  –  –  22.9  39.0  1.2 
AMD 5 M NaOH*  –  3.7  –  –  30.0  1.3  0.7  9.4  2.7  3.8  44.1  4.4 
AMD H2S**  –  49.9  –  –  –  –  –  –  10.4  24.3  13.5  1.9 
JCW H2S***  –  3.2  24.4  4.5  6.6  –  –  3.3  1.9  10.0  38.7  7.3  
* Small amounts of Fe, Ni, and Cu were also found according to the high-resolution spectra. 
** Small amounts of Fe, Al, and Co were also found according to the high-resolution spectra. 
*** Small amounts of Cu and Ni were also found according to the high-resolution spectra; inaccurate Co amount. 
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suggested that, in AMD and SMW, most of the transition metals were 
dissolved and flowed through the reactor at pH values of 7.00, 7.25, and 
7.50 with an EH higher than –140 mV, –150 mV, and –160 mV, 
respectively. In JCW, the metal concentrations were higher, and the 
metals started to precipitate at higher EH. The aluminum in AMD was 
totally precipitated as diaspore (AlO(OH)) at pH values of 7.25 and 7.50, 
despite the EH. At pH 7.50, the aluminum in JCW precipitated as dia-
spore when the EH was –165 mV or lower, and as hercynite (FeAl2O4) 
when the EH was –160 mV or higher. At pH values of 7.00 and 7.25, the 
aluminum in JCW precipitated only as diaspore. The estimated depen-
dence of the solubility of the metals on the EH at different operational pH 
values during the treatment of MIWs is shown in the supplementary 
material (Figs. S4–S6). 
3.3. Analysis of organic acids 
Concentrations of residual succinate, propionate, and acetate (pro-
duced by the incomplete oxidation of succinate) and the theoretical 
concentrations of acetate are shown in Fig. 4. In all of the experiments at 
the COD/SO42- ratio of 0.8, the effluent succinate concentration was 
close to 0 mg L-1 throughout the tests. However, when JCW was treated 
at the COD/SO42- ratio of 1.4, approximately 300 mg L-1 of succinate 
remained. 
Assuming that (i) all of the succinate consumed in the reactor was 
utilized for sulfate reduction and (ii) all of this was incompletely 
oxidized to CO2 and acetate (Eq. (1)), then stoichiometric amounts of 
acetate should have been generated which, unless oxidized further by 
members of the microbial community in the bioreactor, would have 
been detected in the effluent liquors. The theoretical amount of acetate 
was close to the real amount of effluent acetate with all the waters 
treated at the COD/SO42- ratio of 0.8. However, at the higher ratio of 1.4 
in the case of JCW, the concentration of acetate was approximately 600 
mg L-1 lower than the theoretical amount. In addition, some propionate 
was produced in all of the experiments. The propionate concentration 
was similar to that of the residual succinate in all of the experiments. 
3.4. Characterization of the sulfate-reducing bacterial consortium 
Approximately 55 different bacterial species in total were detected in 
the samples taken from the sulfidogenic bioreactor at the end of the 
sulfate reduction experiments (Table 5). The numbers of bacteria were 
greater in the samples taken from the middle of the bead layer than in 
the bottom and top layers. In addition, the Shannon diversity index and 
the ENS were the lowest in the samples taken after treatment of JCW at 
the COD/SO42- ratio of 0.8. The highest species richness was observed 
after the treatment of JCW at the COD/SO42- ratio of 1.4, while the 
highest Shannon diversity index and ENS values were detected after the 
treatment of acidic SMW. 
The bacterial consortium cultivated in the reactor consisted mostly 
of Proteobacteria, Firmicutes, and Bacteroidetes. The relative abun-
dance of Firmicutes was highest in the samples taken from the bottom of 
Fig. 4. Residual succinate concentrations (light gray triangles), propionate produced (dark gray circles), acetate produced (black squares), and theoretical acetate 
(black squares and dashed line) calculated according to the succinate concentrations utilized during the treatment of a) acidic SMW, b) AMD, and JCW at COD/SO42- 
ratios of c) 0.8 and d) 1.4. 
Table 5 
Species richness, Shannon diversity index, and effective number of species (ENS) 
in the sulfidogenic bioreactor after treatment of acidic SMW, AMD, and JCW at 
COD/SO42- ratios of 0.8 and 1.4. Averaged values of three samples taken from 











SMW  0.8 57 ± 8 2.55 ± 0.10 12.9 ±
1.2 
AMD  0.8 54 ± 3 2.51 ± 0.05 12.3 ±
0.6 
JCW  0.8 51 ± 6 2.00 ± 0.30 7.0 ± 3.0 
JCW  1.4 58 ± 5 2.21 ± 0.15 9.2 ± 1.4  
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the reactor, whereas Proteobacteria were dominant in the samples taken 
from the top liquid layer and from the middle of the bead layer. The 
relative abundance of Proteobacteria was also highest after the treat-
ment of AMD and JCW at the COD/SO42- ratio of 1.4. Firmicutes and 
Bacteroidetes were more dominant after the treatment of acidic SMW 
and JCW, respectively, at the COD/SO42- ratio of 0.8. 
The relative abundance of SRB was highest in the samples taken from 
the top liquid layer of the reactor and in the samples taken after the 
treatment of JCW at the COD/SO42- ratio of 1.4, when the approximate 
abundance was 38 ± 12% of the total bacteria. After the treatment of 
JCW, AMD, and acidic SMW at the COD/SO42- ratio of 0.8, the relative 
abundance of SRB was 17 ± 10%, 15 ± 4%, and 8 ± 5%, respectively. 
Most of the SRB were characterized as Desulfobulbus sp. (Deltaproteo-
bacteria), although some Desulfovibrio sp. (Deltaproteobacteria) and 
Peptococcaceae (Firmicutes) were also present. The only identified spe-
cies belonging to the family Peptococcaceae among the cultivated con-
sortium was Desulfurispora sp. The relative abundance of the SRB is 
presented in Fig. 5. Species richness at different sequencing depths as 
well as SRB distribution expressed as the number of sequence reads are 
presented in the supplementary material (Figs. S7–S8). 
Other bacteria present in the reactor, some of which are involved in 
the cycling of sulfur, were Arcobacter sp., Geobacter sp., and Hal-
othiobacillus sp. Arcobacter sp. was found mostly after the treatment of 
AMD, but not after the treatment of JCW. The relative abundance after 
the treatment of AMD and acidic SMW was 9 ± 4% and 4.0 ± 0.9%, 
respectively. Both Geobacter sp. and Halothiobacillus sp. were most 
abundant after the treatment of AMD: the relative abundance was 16 ±
2% and 15 ± 5%, respectively. With the other treated MIWs, the pro-
portion of Geobacter sp. was <10%. The relative abundance of Hal-
othiobacillus sp. was clearly lowest after the treatment of JCW: 4.7 ±
1.4% and 1.0 ± 1.0% at COD/SO42- ratios of 0.8 and 1.4, respectively. 
After the treatment of acidic SMW, the relative abundance of Hal-
othiobacillus sp. was 8 ± 4%, and both Geobacter sp. and Halothiobacillus 
sp. were least abundant at the bottom of the reactor. In addition, 3–13% 
of the bacterial consortium consisted of Proteiniclasticum sp, which was 
present at all levels of the reactor after the treatment of each MIW. 
4. Discussion 
Actual and synthetic MIWs were treated in a sulfidogenic up-flow 
biofilm reactor at low temperature. The SRRs achieved were far supe-
rior to others that have been reported for low-temperature SRB systems 
(Table 1) where the HRTs were relatively long in relation to the degree 
of sulfate removal achieved (Table 1). When higher sulfate concentra-
tions were tested by Nevatalo et al. [20], the HRTs required were well in 
excess of those found in this research. According to Nielsen, SRR can 
increase over threefold as a result of a 10 ◦C increase in temperature 
[41]. However, the somewhat higher temperature in this study does not 
fully explain the higher SRR compared to those reported in other studies 
(Table 1). One reason for the high SRR is probably the carbon source 
used, as succinic acid is readily utilized by many species of SRB and the 
consortium was already acclimated to this electron donor in a previous 
study [22]. Ben Ali et al. also achieved a relatively efficient sulfate 
removal of almost 40% in 2.5 days using a complex carbon source 
consisting of wood chips and leaf compost [18]. In the present study, the 
reactor was operated at neutral pH, which is usually more suitable for 
most species of SRB. However, neutral pH conditions were also used by 
Sahinkaya et al. [19], Nevatalo et al. [20], and Nielsen et al. [13], but 
with inferior results. 
The redox potentials (EH) in the samples taken from the reactor 
remained relatively stable throughout the experiments. However, they 
fell to negative values when the actual MIWs were treated. The decrease 
in redox potential was probably due to the higher amount of inorganic 
reductants in the actual MIWs, i.e., metal ions and HS- resulting from 
H2S precipitation [42]. With the treatment of actual MIWs, the redox 
potential was lower with a higher operational pH, as expected. The 
solubility of transition metals is influenced by both the pH and EH of the 
environment [43]. The chemical equilibrium calculations suggested that 
transition metals present in the MIWs would not have precipitated as 
sulfides nor as hydroxides at the measured EH and operational pH. 
However, the precipitation of black metal sulfides was clearly detected 
when treating acidic SMW or JCW; according to the elemental analysis 
results of actual MIWs, metal concentrations were lower after the sulfate 
reduction process. Even though DeLaune and Reddy have stated that the 
optimal EH for sulfate reduction is from –100 to –200 mV [44], EH values 
higher than –100 mV in low temperature sulfate-reducing bioreactors 
have also been measured by Nielsen et al. [13] and Ben Ali et al. [18]. 
According to the chemical equilibrium calculations, the operational pH 
had a major effect on the H2S/HS- equilibrium inside the reactor. This 
was also detected as changes in the HRT. At a pH value of 7.00 and at 
11.7 ◦C, approximately 60% of the sulfide-S was in the form of H2S, and 
consumed H+ ions increased the pH which consequently decreased the 
HRT. At a pH value of 7.50 and at 11.7 ◦C, approximately 70% of the 
produced sulfide-S was in the form of HS-. 
The initial pH of the actual MIWs was below 5 as most of the metals 
present in the waters, except trivalent Al and Fe, do not form hydroxide 
phases [10]. After precipitation with H2S, the pH of the actual MIWs 
decreased to around 3 and mainly zinc precipitated as sulfide. The result 
was highly predictable, since zinc tends to precipitate as ZnS [33]. Most 
of the aluminum and iron in the actual MIWs was removed as hydroxides 
and oxides by filtration before the MIWs were fed into the reactor. The 
surface composition of the collected metal precipitates, revealed by XPS 
analysis, supports the results of the elemental analysis of precipitated 
MIWs as far as the metals present in high concentrations are concerned. 
In addition, the XRD data supports the XPS results of the precipitates 
collected from the H2S-precipitated synthetic CuSO4 solution and actual 
MIWs. The carbon detected by XPS in the precipitates collected after 
NaOH precipitation of AMD and H2S precipitation of JCW is probably 
mostly that present in the actual MIWs used in the experiments. 
The pH values of the sulfidogenic bioreactors varied between 7.00 
and 7.50, causing both cobalt and nickel to precipitate. Due to the high 
S2-/metal ratio inside the reactor, chemical speciation calculations made 
with the MINEQL+ program estimated that, under the operational 
Fig. 5. Relative abundance of SRB in the sulfidogenic bioreactor after the 
treatment of acidic SMW (day 0–14), AMD (day 29–36), and JCW at COD/SO42- 
ratios of 0.8 (day 14–29) and 1.4 (day 36–43). Averaged values of three samples 
taken from the top, middle, and bottom layers of the reactor with standard 
deviations are shown. Abbreviations: bacterial species (S), bacterial genus (G), 
bacterial family (F). 
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conditions, Co and Ni would precipitate as monosulfides. However, it 
must be noted that the presence of microorganisms and extracellular 
polymeric substances affect the phase of metal precipitates [45–47], 
which obviously cannot be taken into account in chemical speciation 
calculations. Metal sulfides precipitated with biologically produced 
sulfide-S in SRB cultivations have been analyzed by XRD in several 
studies, and the S2-/metal ratio has been detected to have a great effect 
on the speciation of metals. Mansor et al. have reported precipitation of 
cobalt at pH 7.2 as CoS but also as cobalt pentlandite (Co9S8), and as 
cobalt-rich mackinawite ((Co,Fe)S) in the presence of iron [46]. NiS 
precipitation has been detected by Bijmans et al. [48], whereas Gramp 
et al. have reported precipitation of nickel only as heazlewoodite (Ni3S2) 
and vaesite (NiS2) in the presence of SRB [49]. In this study, the 
chemical speciation calculations estimated that zinc would precipitate 
as ZnS inside the sulfidogenic bioreactor. The formation of ZnS has also 
been detected previously by Gramp et al. [49] and Xu et al. [47]. Gramp 
et al. reported the precipitation of iron as FeS and greigite (Fe3S4) in SRB 
cultivations, whereas FeS2, which the chemical speciation calculations 
in this study estimated would be formed, was detected only in the 
absence of microorganisms [45]. In the study by Gramp et al., CuS was 
the only copper sulfide detected [50], whereas in this study the forma-
tion of CuFeS2 was also estimated by the chemical speciation calcula-
tions when JCW containing high concentrations of iron was treated at 
pH 7.25 or 7.50. 
According to the relative abundance of SRB, actual MIWs were more 
favorable for SRB than the SMW, which reflects the greater tolerance of 
the SRB to high concentrations of sulfate and metal (Fig. 5). However, it 
was also the case that actual MIWs were used as feed liquors after the 
acidic SMW, and the abundance of SRB increased over time. On the 
other hand, when acidic SMW was treated after the actual MIWs, no 
significant increase in SRR was detected. The actual MIWs were not 
sterilized before being fed into the reactor, which did not affect the 
species richness inside the reactor. In addition, the high COD/SO42- ratio 
increased the relative abundance of SRB, but also increased the number 
of other bacteria, since species richness was highest after treatment at 
the COD/SO42- ratio of 1.4. Bacterial numbers were highest in the 
middle of the bead layer, which can be explained by the reactor design: 
the bottom layer was impacted by oxygen due to the up-flow of fresh 
MIW, and most of the succinate was probably used by the time the feed 
migrated to the top liquid layer, which made the middle of the bead 
layer the most favorable zone for anaerobic bacteria. 
Measurements of organic acids in the effluent liquors showed that 
succinate was metabolized completely, and that acetate was produced in 
stoichiometric amounts and not oxidized further by the SRB or the other 
microorganisms. Only at the COD/SO42- ratio of 1.4 did the theoretical 
concentration of acetate exceed that of the measured concentration. 
With increasing ratios of organic carbon to sulfate, oxidation of pro-
portionally less of the former is coupled to sulfate reduction and 
consequently less acetate is generated [51]. In addition to acetate, some 
propionate was formed inside the reactor. Proteiniclasticum sp., which 
was present in the reactor throughout the experiments, produces both 
acetate and propionate as fermentation products [52]. Desulfobulbus 
propionicus utilizes propionate as an electron donor and carbon source 
[53], while in the absence of sulfate D. propionicus can produce propi-
onate as a fermentation product [54]. Since sulfate was present in the 
reactor all the time, it is unlikely that propionate was produced by 
Desulfobulbus sp., but it could have been utilized by the genus. 
Halothiobacillus spp. and Arcobacter sulfidicus are known to oxidize 
sulfide to elemental sulfur [55,56], whereas Geobacter sulfurreducens is 
capable of reducing sulfur to sulfide [57]. The relative abundance of 
Arcobacter sp., Geobacter sp., and Halothiobacillus sp. was highest after 
the treatment of AMD, which could be explained by the operational pH 
used. The AMD was treated at pH values of 7.25–7.50, when the amount 
of soluble HS- available for oxidation was higher compared to the 
operational pH of 7.00. Thus, the SRB consortium was adaptable to 
changes in growth conditions. 
In this study, a 2 L sulfidogenic bioreactor with a liquid volume of 1.2 
L was used for the treatment of mine waters with initial sulfate con-
centrations of 1600 mg L-1 (AMD) and 5350 mg L-1 (JCW). At the 
operational pH of 7.25 ± 0.10, 4.4 L d-1 of AMD was treated at the COD/ 
SO42- ratio of 0.8. At a pH value of 7.00 ± 0.10, 1.3 L d-1 of JCW was 
treated at the COD/SO42- ratio of 1.4. Under the same operational 
conditions, with a 10 m3 reactor, 22.15 m3 d-1 and 6.25 m3 d-1 of AMD 
and JCW could be treated, respectively. This would consume 33 kg d-1 
and 57 kg d-1 succinate as a carbon source for AMD and JCW, respec-
tively. According to the current market price of succinic acid, the cost of 
the carbon source would be $66 d-1 and $114 d-1 for the treatment of 
AMD and JCW, respectively. When considering the market prices of 
succinic acid and recoverable metals (Co, Cu, Fe, Ni, Zn), the operational 
costs of the reactor are not competitive. However, the costs of the carbon 
source would be covered multiple times if the water contained a higher 
amount of metals more valuable than iron [58]. Nevertheless, the pri-
mary target of the process is to treat the water so that it is clean enough 
to be discharged into the environment or reused at the mine site. A 
sulfidogenic bioreactor could be effectively used for treatment of mod-
erate MIW flows. 
As a next step, the reactor experiments could be scaled up to a pilot- 
scale field study where water quality and temperature conditions fluc-
tuate to ensure the performance of the process in environmental con-
ditions. For large MIW flows and high sulfate concentrations, the 
sulfidogenic bioreactor could be integrated with other methods, for 
example as a polishing step after gypsum precipitation. The method 
could also be tested for downstream processing of sulfate- and metals- 
containing rejects from membrane processes. However, finding a suit-
able treatment method is always dependent on water quality and the 
requirements for water purity. 
5. Conclusions 
A sulfidogenic bioreactor was successfully operated at neutral pH for 
the treatment of acidic mining-impacted waters at low temperature. The 
method proved to work well for the treatment of actual mining- 
impacted waters. A high sulfate feed and a high COD/SO42- ratio 
increased the sulfate reduction rate and the relative abundance of 
sulfate-reducing bacteria. Further, some of the metals in the mining- 
impacted waters were removed extensively by hydrogen sulfide pre-
cipitation before the water was fed into the reactor, and the rest of the 
metals were precipitated inside the reactor vessel. In addition, sulfate 
reduction was highly predictable during the bioreactor experiment, and 
the bacterial consortium was found to be robust against changes in 
growth conditions. 
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